Oxidative stress and decline in cellular redox regulation have been hypothesized to play a key role in cardiovascular aging; however, data on antioxidant and redox regulating systems in the aging heart are controversial. The aim of the present study was to examine the effect of aging on critical antioxidant enzymes and two major redox-regulatory systems glutathione (GSH) and thioredoxin (Trx) system in hearts from adult (6-month-old), old (15-month-old), and senescent (26-month-old) rats. Aging was associated with a non-uniform array of changes, including decline in contents of reduced GSH and total mercaptans in the senescent heart. The activities of Mn-superoxide dismutase (SOD2), glutathione peroxidase (GPx), glutathione reductase (GR), and thioredoxin reductase (TrxR) exhibited an age-related decline, whereas catalase was unchanged and Cu,Zn-superoxide dismutase (SOD1) displayed only slight decrease in old heart and was unchanged in the senescent heart. GR, Trx, and peroxiredoxin levels were significantly reduced in old and/or senescent hearts, indicating a diminished expression of these proteins. In contrast, SOD2 level was unchanged in the old heart and was slightly elevated in the senescent heart. Decline in GPx activity was accompanied by a loss of GPx level only in old rats, the level in senescent heart was unchanged. These results indicate age-related posttranslational protein modification of SOD2 and GPx. In summary, our data suggest that changes are more pronounced in senescent than in old rat hearts and support the view that aging is associated with disturbed redox balance that could alter cellular signaling and regulation.
Introduction
Aging is characterized by alterations in cardiac structure and significant decline in cardiac pump function and contractile reserve. Among theories of aging the free radical theory has drawn a widespread attention. Although the mechanisms of aging are not fully understood a chronic oxidative stress and gradual accumulation of cellular oxidative damage are thought to be the major factors. Reactive oxygen species (ROS) and other oxidants are constantly generated throughout the lifespan, even immediately after birth (Wilhelm et al., 2015) . It is well established that mitochondria are one of the major sources of cellular ROS (see Cedikova et al., 2016) . They are generated mainly as by-products of oxidative metabolism and may play critical role mitochondrial damage during aging. Several studies including ours have shown that aging is associated with decline in activities of mitochondrial enzymes (Kumaran et al. 2005 , Tatarková et al. 2011 ), increased ROS formation (Bejma et al. 2000 , Petrosilo et al. 2009 , Kuka et al. 2011 ) and accumulation of lipid peroxidation products and oxidatively modified proteins (Preston et al. 2008 , Choksi and Papaconstantinou 2008 , Tatarková et al. 2011 ). Oxidative stress, an imbalance between oxidants and antioxidants may also result from disturbances in the antioxidant defense system with aging. The antioxidant system includes enzymes superoxide dismutases (Mn-SOD, Cu,Zn-SOD), glutathione peroxidase (GPx), glutathione reductase (GR), catalase, thioredoxin (Trx), thioredoxin reductase (TrxR), and peroxiredoxin (Prx) and nonenzymatic antioxidants, such as glutathione (GSH) and protein thiols. The data on the status of antioxidant defense systems in the aging heart are controversial (Judge et al. 2005 , Tian L et al. 1998 , Lennon-Edwards et al., 2015 or are lacking. Moreover, several studies on transgenic mice have shown that alterations in the expression of antioxidant genes results in altered accumulation of oxidative damage, but have little effect on animal life span (Van Remmen et al. 2003 , see Salmon et al. 2010 ). Based on these findings an alternative hypothesis of aging was formulated suggesting progressive overoxidation of protein thiols resulting in disturbance in redox signaling mechanisms (Sohal and Orr 2012) . Growing evidence indicates that besides their adverse effects ROS play an important role in cellular signaling pathways. Relatively mild oxidant hydrogen peroxide (H2O2), which is produced from superoxide by Mn-SOD, can react with specific cysteine residues in proteins. Oxidation of cysteines to disulfides may result in structural and/or functional changes of proteins, such as enzymes, ion transporters, receptors, transcription factors, and structural proteins. Protein changes are reversible since disulfide bonds can be reduced to thiols by glutathione system and thioredoxin system. These disulfide reductases play a key role in regulating redox homeostasis and deterioration of their function might be involved in disruption of cellular redox regulation. There is increasing evidence that protein thiol oxidation is involved in cardiovascular diseases and aging (Mailloux et al. 2014) , however, less is known about effect of aging on expression and function of cellular redox systems. Published studies show conflicting results, decreased, increased or unaltered contents/activities were reported to be found in the aging heart (Tian et al. 1998 , Shinohara et al. 2000 , Meng et al. 2007 , Judge et al. 2005 , Bulvik et al. 2009 , Picard et al. 2012 .
In this context, the aim of the present study was to examine the effect of aging on major antioxidant enzymes and disulfide reductases. For this purpose, we determined enzyme expressions and activities in homogenates prepared from hearts of 6-, 15-, and 26-month-old rats.
Methods

Animals
Male Wistar rats were obtained from Institute of Experimental Pharmacology, Slovak Academy of Sciences, Dobra Voda, Slovak Republic. Animals were divided into three groups (5 rats per group) according to age, as adult (6-month-old), old (15-month-old) and senescent (26-month-old). They were housed in an air-conditioned and light-controlled room as described previously (Kaplan et al. 2007 ). The experimental protocols were conducted in accordance with the European Community guidelines (Directive 2010/63/EU) and were approved by the Ethical Committee of the Jessenius Faculty of Medicine. Mitochondria were isolated from homogenates by differential centrifugation as previously described (Babušíková et al. 2004 ). Homogenates were filtered through one layer of cheesecloth and centrifuged at 1000×g for 10 min at 4 °C. The supernatant fractions were collected and further centrifuged at 18,000×g for 35 min. Mitochondrial pellets were resuspended in buffer containing 30 mmol/l imidazole, 60 mmol/l KCl, 2 mmol/l MgCl2 (pH 7.0), and stored in aliquots at -80 °C until use.
Preparation of heart homogenate and isolation of mitochondrial and cytosolic fractions
For isolation of cytosolic fractions the aliquots of heart homogenates were centrifuged at 3000×g for 10 min. The supernatant fractions were further centrifuged at 100,000×g for 65 min and resulting supernatants were collected and stored at -80 °C until use.
Determination of reduced glutathione and total mercaptans
Concentration of reduced glutathione (GSH) and total mercaptans (RSH) were determined using Glutathione assay kit according to manufacturer`s instructions (Calbiochem, San Diego, USA). Briefly, 20 μl of heart homogenates were diluted in phosphate buffer and mixed with solution of chromogenic reagent in HCl. Chromophoric thione, produced after alkalization of solution with NaOH, was determined spectrophotometrically at 400 nm after 10 min incubation in dark at room temperature. Total RSH were measured at 356 nm in the absence of NaOH. GSH and RSH were quantified using prepared standard curve and the results are expressed as μmol/mg protein.
Determination of enzyme activities
Cu,Zn-SOD (SOD1) and Mn-SOD (SOD2) activities were measured in cytosolic and mitochondrial fraction, respectively, by monitoring the inhibition of nitroblue tetrazolium (NBT) reduction by superoxide radical generated in xanthine oxidase reaction (Gonzales et al., 1984) . The reaction mixture consisted of 50 mM phosphate buffer (pH 7.8), 0.1 mM EDTA, 0.025 mM NBT, and 0.1 mM xanthine. Formation of formazan due to NBT reduction was followed spectrophotometrically at 565 nm against control containing reaction mixture without sample. SOD activity was expressed as units that represent amount of enzyme causing 50% inhibition of NBT reduction.
Catalase activity was determined using Catalase assay kit according to manufacturer`s instructions (Calbiochem, San Diego, USA). The method is based on the formation of formaldehyde from methanol in reaction catalyzed by catalase in the presence of H2O2.
Briefly, heart homogenates were incubated in medium containing 100 mM phosphate buffer, pH 7.0 and methanol and reaction was started with 8.82 mM H2O2. The enzyme activity was measured by monitoring absorbance change at 540 nm due to formation of heterocycle of formaldehyde with a chromogen Purpald.
Glutathione reductase activity was determined using GR activity assay kit according to manufacturer`s instructions (Sigma-Aldrich, St. Louis, USA). Method is based on the reduction of oxidized glutathione (GSSG) by NADPH catalyzed by GR. Samples of heart homogenates were incubated with 43 mM phosphate buffer, pH 7.5, 0.43 mM EDTA, and 1 mM GSSG and the reaction was started with 0.1 mM NADPH. The rate was measured by monitoring absorbance decrease at 340 nm.
Activity of GPx was measured by Glutathione peroxidase cellular activity assay kit according to manufacturer`s instructions (Sigma-Aldrich, St. Louis, USA). Method is based on recycling of GSSG back to GSH utilizing GR and NADPH. Homogenates were diluted in the assay solution containing 50 mM Tris-HCl, pH 8.0, 0.5 mM EDTA, 0.25 mM NADPH, 2.1 mM reduced glutathione, and 0.5 unit/ml glutathione reductase. The reaction was started by adding 300 mM t-Bu-OOH and the rate was measured by monitoring absorbance decrease at 340 nm.
TrxR activity was determined using Thioredoxin reductase colorimetric assay kit according to manufacturer`s instructions (Cayman, Ann Arbor, USA). The method is based on reduction of DTNB with NADPH in the absence and in the presence of aurothiomalate, a specific inhibitor of TrxR. Homogenates were incubated in the assay solution containing 50 mM phosphate buffer, pH 7.0, 1 mM EDTA, and 0.2 mg/ml BSA with or without 20 μM aurothiomalate. The reaction was initiated by adding DTNB and NADPH and the rate was measured by monitoring absorbance decrease at 405 nm. Chemifluorescent signal was detected on Chemidoc XRS (BioRad Laboratories) and the bands were integrated using GeneTools software (SynGene, India).
Western blot analysis
Results
Body weights of the 15-and 26-months old rats were significantly higher than that of 6months old rats (Table 1) . However, there were no significant differences in the heart weights and heart-to-body weight ratios among the age groups, indicating absence of cardiac hypertrophy.
The levels of reduced GSH and total mercaptans (RSH) were determined in the heart homogenates ( Fig. 1) . There was no difference in the levels of reduced GSH between control adult rats and 15-month-old rats, however, the level in senescent 26-month-old rats decreased significantly to 70±15% of control (p<0.01). Also RSH was significantly altered only in hearts of senescent rats (Fig. 1B) , the level decreased to 63±11% of control (p<0.01).
Activity of Cu,Zn-superoxide dismutase (SOD1) displayed only slight but significant decrease in old heart and was unchanged in the senescent heart ( Fig. 2A) . The SOD1 protein content did not show any significant age-dependent alteration (Fig. 4A ). Unlike Cu,Zn-SOD the Mn-SOD (SOD2) activity decreased significantly in both aged groups (Fig. 2B) although level of SOD2 protein was unchanged (15-mo-old) or slightly elevated (26-mo-old) (Fig. 4B) . Figures 3A and 4C show that catalase activity and content were slightly, but not significantly reduced in both aged groups. Figure 3B shows that GPx activity decreased significantly in both aged groups although GPx expression was reduced only in 15-month-old rats (Fig. 5A) .
The activities and contents of GR were found to be significantly decreased in both aged groups (Figs. 3C and 5B). GR content decreased to 78±2% (p<0.001) in old rats and to 62±2% (p<0.001) in senescent rats. GR activity was reduced to 88±1% (p<0.001) and 80±1% (p<0.001) in old and senescent rats, respectively. Data presented in Fig. 3D show that thioredoxin reductase activity was similarly reduced in old (78±1% of control, p<0.05) and senescent rat hearts (75±7% of control, p<0.01). Moreover, significant decrease in the content of thioredoxin (Fig. 5C ) was observed in both aged groups (to 38±4%, p<0.01 and 41±6%, p<0.01 when compared with control group, for old and senescent rats, respectively). On the other hand, the content of peroxiredoxin 2 was unchanged in old rats ( Fig. 5D ) but was significantly reduced in senescent rats (65±1% of control, p<0.001).
Discussion
To investigate the role of cellular redox status in cardiac aging we measured protein expression and activities of critical antioxidant enzymes and cellular redox systems in hearts of 6-, 15-, and 26-month-old rats. Our results support the hypothesis that aging is associated with alterations in cellular redox status and altered redox regulation of cellular functions.
The present findings show that levels of GSH and total mercaptans decrease in 26-but not in 15-month-old rat hearts. Several studies using Wistar (Cocco et al. 2005 , Parildar et al. 2008 , Jacob et al. 2010 ) or Fischer 344 (Bejma et al. 2000 , Suh et al., 2003 rats have also shown decreased GSH levels in senescent (24-28 month old) rats when compared to young adult (2-8 months old) controls, but group of old (14-18 month) rats was not investigated. In two studies A possible explanation for this discrepancy may be the difference in age of controls, rat strains, and assay method used. In this context it is interesting to note that human study on age-related changes in plasma antioxidants showed that total thiol level was unchanged between 53 and 99 years and decreased significantly only in centenarians (Mecocci et al. 2000) . Our finding is consistent with this investigation and point out to the potential importance of altered cellular redox state in very old age.
Shift in the redox status can result from age-dependent increase in ROS production and/or decreased antioxidant defense system. Previous studies including ours have shown that aging is associated with increased generation of ROS in mitochondrial respiratory chain (Sohal et al. 1994 , Bejma et al. 2000 , Moghaddas et al. 2003 , Petrosilo et al. 2009 , Kuka et al. 2013 ). The decreased antioxidant contents and activities observed in the present study suggest that defense system also contributes to age-related oxidative stress and redox imbalance. The role of superoxide dismutases, catalase, and GPx is well characterized. Cu,Zn-SOD and Mn-SOD dismutate superoxide radical to hydrogen peroxide, and catalase and GPx convert H2O2 to water. Previous studies have shown contradictory results with respect to effect of aging on In contrast, Mn-SOD activity decreased significantly with age despite unchanged (15-monthold) or slightly elevated (26-month-old) Mn-SOD protein level. These results indicate ageassociated posttranslational modification and inactivation of an enzyme. Mn-SOD was found to be highly susceptible to oxidative/nitrative modification. In angiotensin II-infused rat kidney, tyrosine nitration of Mn-SOD accounted for about 20% of the total nitrated proteins and this resulted in ~50% inhibition without change in protein content (Guo et al. 2003) .
Inhibition of Mn-SOD is of particular importance since it is the major antioxidant enzyme in mitochondria and its inhibition can result in an increased leak of superoxide radicals from respiratory chain. Attenuation of mitochondrial antioxidant capacity is further amplified by decreased activities/contents of GPx and GR. Our finding on GPx activity is consistent with previous studies in Wistar (Abete et al. 1999 , Shinohara et al. 2000 and Sprague-Dawley (Ramesh et al. 2012) rats, but controversy remains, because several studies demonstrated unchanged (Tian et al. 1998 , Bejma et al. 2000 , Meng et al. 2007 , Parildar et al. 2008 , Picard et al. 2012 ) or increased (Judge et al., 2005 activity. Few studies examined GR function and have shown no change with aging (Abete et al. 1999 , Judge et al. 2005 . In 12-month-old rats GR activity was lowered when compared to young 2-month-old rats (Ramesh et al. 2012) .
Our findings indicate that both, activity and protein levels gradually decrease with age. GR catalyzes the reduction of oxidized glutathione to its active reduced form GSH and pronounced decline in GR activity in senescent rat hearts may contribute to diminished GSH level.
Thioredoxin system consisting of Trx, TrxR, and NADPH catalyzes the reduction of disulfides in proteins and plays a critical role not only in redox regulation but also in DNA synthesis, and protein repair (Lu and Holmgren 2014) . Only relatively few studies have investigated this redox-regulatory system in cardiac aging. Using Sprague-Dawley rats Wang et al. (2013) showed that Trx level in aging rat heart was unaltered, but activity was decreased due to posttranslational nitrative modification. Bulvik et al. (2009) have found no age-related changes in Trx content when compared 24-25-month-old with 9-week-old rat hearts. Contrary to their findings we observed marked reduction in Trx levels in both old and senescent rat hearts. TrxR regenerates oxidized Trx to its active form with redox-active thiols in the catalytic center. Previous studies have shown that aging is associated with decreased level of mitochondrial TrxR2, whereas cytosolic TrxR1 is unaltered (Rohrbach et al. 2006 , Wang et al. 2013 ). These and other (Bulvik et al. 2009 ) studies have also shown that total TrxR activity is reduced in senescent heart. Our results are in line with these findings and demonstrate that activity decreases markedly already in old rat heart. Additionally, these results suggest that the restoration of redox-active thiols is deteriorated with aging.
Peroxiredoxins are redox-regulating proteins and antioxidants that reduce peroxides with electrons provided by Trx system (Lu and Holmgren 2014). In rat liver, aging was associated with marked increase in Prx3 isoform localized in mitochondria (Mussico et al. 2011) .
Peroxiredoxins are highly abundant in the heart, but their role in cardiovascular aging is not known. To the best of our knowledge, this is the first study in which expression of cytosolic Prx2 isoform during cardiovascular aging was investigated. We did not find any difference in Prx2 levels between old and adult control hearts; however, the level was significantly reduced in senescent rat hearts. Such findings are interesting considering that Prx2 is not only peroxidase but acts also as molecular chaperone and enhances resistance to cell death (Moon et al. 2005) .
Taken together our results demonstrate that aging is associated with decreased activity and protein content of several antioxidant enzymesfree radical scavengers, and two major redox-regulatory systems GSH and Trx system. The primary finding of this study is that changes are more pronounced in senescent than in old rat hearts. Overall, the results support the view that aging is associated with changes in the redox state that could alter cellular signaling and regulation
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